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Sensory information is encoded as patterns of
synaptic activity. Recent evidence suggests that
differential synaptic release and use of postsynaptic
glutamate receptors is critical for encoding informa-
tion from polymodal neurons.
Animal nervous systems have to detect and respond to
a diverse range of environmental stimuli. Two funda-
mental cellular mechanisms have evolved. One mecha-
nism uses specialized sensory cells to detect one type
or mode of stimulation. The other mechanism involves
polymodal sensory cells which detect more than one
mode of stimulation. Photoreceptor neurons which
detect light are an excellent example of specialized
sensory cells. Nociceptive sensory neurons in our skin,
which detect painful stimuli including harsh touch, high
temperatures and chemicals, are examples of poly-
modal neurons.
Both of these two types of sensory neuron are
represented in the nematode Caenorhabditis elegans.
Specialized sensory neurons located along the lateral
side of the animal respond exclusively to touch. The
polymodal ASH neurons respond to multiple types of
environmental stimulus: touch to the nose, chemicals
and high osmolarity. Understanding how the ASH
neurons differentially detect sensory stimuli, and how
the downstream interneurons respond to each stimu-
lus may reveal fundamental mechanisms underlying
modality coding.
One possible mechanism underlying sensory
encoding is differential cellular detection, in which
nonidentical sets of sensory neurons detect each type
of stimulus (Figure 1). For example, based on laser
ablation experiments in C. elegans, touch to the nose
is primarily detected by the ASH neurons, but the OLQ
and FLP sensory neurons also play a role [1]. Similarly,
the ASH neurons are responsible for detecting high
osmolarity, although PHA and PHB sensory neurons
may also play a role [2,3]. These sensory neurons
synapse directly onto overlapping, but nonidentical,
interneurons which control locomotion, suggesting
that modality may be encoded by the pattern of
synaptic inputs to the common interneurons; however,
no direct evidence has been presented to support this
hypothesis. A similar mechanism may be at work
when a person experiences a burning sensation when
touching an extremely hot or cold object; polymodal
nociceptors may give the sensation of pain, while
thermosensory neuron activity generates independent
information about temperature.
Sensory encoding can also be generated by the
differential release of neurotransmitters. Again, two
possibilities — not mutually exclusive — present
themselves: a neuron may release different neuro-
transmitters, or different levels of the same neuro-
transmitter. Weak stimuli can evoke the release of
classical neurotransmitters such as glutamate, while
stronger stimuli can evoke the release of both addi-
tional glutamate and neuropeptides [4,5]. ASH
neurons likely use both glutamate as a classical
neurotransmitter and neuropeptide neurotransmitters
[6–8]. From earlier work, a nose touch is likely to be a
weaker stimulus than high osmolarity for C. elegans.
So, one possibility for encoding by ASH sensory
neurons is that a nose touch evokes release of
glutamate, while high osmolarity evokes release of
both glutamate and a neuropeptide transmitter. Alter-
natively, ASH might encode a nose touch stimulus by
releasing glutamate at a low level, and encode the
more intense osmotic stimuli by releasing glutamate at
a higher level, either in magnitude or duration.
The direct synaptic targets of ASH sensory neurons
in C. elegans include the interneurons that control
locomotion. Laser ablation of the AVA and AVD
interneurons was found dramatically to perturb
backward locomotion; ablation of AVB and PVC
interneurons perturbs forward locomotion [9]. These
are defined as ‘command interneurons’ and synapse
both on each other and on the motorneurons respon-
sible for movement. Different interneurons may con-
tribute unequally in response to different stimuli, a
potential encoding mechanism which is yet to be
explored. These interneurons function together, both
responding to sensory stimuli and regulating sponta-
neous locomotion [8,10]. C. elegans predominantly
moves forward, initiating short bursts of backward
locomotion or changing direction a few times each
minute. The relationship between spontaneous
locomotory behaviors and evoked reversals is unclear,
but they involve the same interneurons and glutamate
receptors (see below).
A recent study by Mellem et al. [11], combining
behavior, genetics and electrophysiology to study
sensory response and locomotion in C. elegans, has
provided evidence implicating glutamate-gated ion
channels in sensory encoding. The C. elegans genome
contains ten genes encoding putative glutamate-gated
ion channel subunits.  Six of these genes are expressed
in the command neurons: nmr-1 and nmr-2, which
encode proteins simular to vertebrate NMDA receptor
subunits; and  glr-1, glr-2, glr-4 and glr-5, which encode
AMPA/kainate receptor subunits [12]. The glr-1 and glr-
2 mutant worms are defective in the nose-touch
response, but have only modest defects in osmotic
avoidance. The defect in response is no greater in glr-
1 glr-2 double mutants, suggesting that ASH neurons
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use glutamate as a neurotransmitter and that GLR-1
and GLR-2 subunits normally function in a heteromeric
channel [8]. This view is supported by the observation
that GFP-tagged GLR-1 and GLR-2 proteins colocalize.
In contrast, nmr-1 mutants respond to nose touch, but
are modestly defective in osmotic avoidance. NMR-1 is
only infrequently colocalized with GLR-1. Although loss
of function in either of the glr genes or nmr-1 yields a
modest osmotic avoidance defect, the  glr-1 glr-2; nmr-
1 triple mutant is much more defective. This suggests
that modality coding is due in part to differential activa-
tion of glutamate receptors [11].
The electrophysiological currents recorded by
Mellem et al. [11] in C. elegans from AVA, a backward
command interneuron, were almost completely
dependent on GLR and NMR receptors, consistent
with their proposed biological roles. Heteromeric GLR
channels are responsible for a relatively large, rapidly
activating and inactivating current, whereas NMR
channels are apparently responsible for a slower,
smaller and more persistent current [11,13]. This cor-
relates well with the view that GLR channels mediate
responses to both weak and strong stimuli, and that
NMR channels respond only to stronger stimuli. The
possibility remains, however, that the GLR and NMR
channels are partially redundant. The glr and nmr
genes might be coordinately regulated, and loss of
function in one gene may modulate activity of the
other: loss of function in glr-1 and glr-2 may upregu-
late nmr-1, or vice versa. Discerning the difference
between differential encoding and partial redundancy
is difficult and may require additional experiments in
which osmotically evoked responses are recorded in
interneurons, while selectively blocking specific chan-
nels pharmacologically.
In addition to the GLR and NMR-mediated currents,
Mellem et al. [11] identified an additional glutamate-
gated current in the AVA interneurons in glr-1 glr-2;
nmr-1 mutant animals: a small hyperpolarizing current
that likely conducts chloride ions [11]. Chloride chan-
nels generally hyperpolarize neurons and prevent
depolarization; in AVA, they might antagonize GLR
and NMR channel activity. Several glutamate-gated
chloride channel subunits encoded by the avermectin
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Figure 1. Possible mechanisms for sensory modality coding in the ASH circuit of C. elegans. 
(A) Encoding by differential input. One set of sensory neurons — ASH, OLQ and FLP — detect and provide sensory input for nose
touch, while an overlapping, but nonidentical set — ASH, PHA and PHC — may detect high osmolarity. (B) Encoding by differential
neurotransmitter release. In response to different stimuli, either different neurotransmitters — glutamate and neuropeptides (NPs) —
may be released or different amounts of glutamate may be released. These two possibilities are not mutually exclusive. (C) Encoding
by glutamate-gated ion channels. In response to a weak stimulus, such as nose touch, only AMPA/kainate-like glutamate receptors
(GLRs) are activated, while in response to a stronger stimulus, such as high osmolarity, both GLRs and NMDA-like glutamate recep-
tors (NMRs) are activated. AVR/GLC glutamate-gated chloride channels may negatively regulate GLRs and NMRs. (D) Encoding in the
interneurons. The sensory neurons synapse on multiple interneurons, and different interneurons may contribute differently to differ-
ent stimuli. Also, neuropeptides secreted by one interneuron may regulate the activity of other interneurons. Several of these mech-
anisms are likely used in the response to stimuli detected by ASH and at work in other nervous systems.
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resistance (avr) and glutamate-gated chloride channel
(glc) genes were previously identified in C. elegans.
The AVR and/or GLC channels may be responsible for
the glutamate-gated chloride channel conductance
detected in the AVA interneurons. Interestingly, glr-1;
nmr-1 mutants move backward infrequently, while
animals lacking avr/glc function move backward more
frequently than normal [14]. The increased reversal
rate may be due to the lack of glutamate-gated
chloride channels in the AVA interneurons that are
critical for backward locomotion.
Mellem et al. [11] also examined the role of
neuropeptides in the ASH–interneuron circuit. It was
shown previously that loss of function of the neu-
ropeptide-processing enzyme EGL-3 results in sup-
pression of the glr-1 nose touch defect, and that
expression of EGL-3 in the command interneurons —
but not ASH sensory neurons — is required for this
suppression [15]. This implies both that neuropeptides
are expressed in the command interneurons and that
they likely modulate either interneuron or sensory
neuron function. There are genes encoding FMRF-
amine-related neuropeptides which have been shown
to be expressed in the interneurons, but their func-
tional role is not yet clear (K. Kyuhyung and C. Li, per-
sonal communication). Mellem et al. [11] suggest that
neuropeptides produced in the command interneu-
rons regulate the concentration of synaptic glutamate.
In the absence of EGL-3, the functional concentration
of synaptic glutamate increases, thereby activating
additional extrasynaptic NMR glutamate receptors
that are normally not activated by sensory stimuli. The
observations that glr-1 expression is unchanged in
egl-3 mutants, and that glutamate-gated currents
recorded from AVA and AVD were normal in egl-3
mutants, are consistent with this hypothesis. The
behavioral analysis is complicated by the use of
partial loss of function (egl-3) and possible dominant-
negative alleles (glr-1), but the results suggest that
neuropeptide release by the postsynaptic interneu-
rons modulates neurotransmitter release from the
presynaptic ASH sensory neurons.
Although the data are consistent with this hypothe-
sis, other plausible models should be considered. The
command interneurons have numerous synaptic con-
nections amongst themselves, raising the possibility
that the putative neuropeptides act upon other
interneurons. Alternatively, loss of egl-3 function in the
command interneurons may change the basal resting
potential of the command interneurons, via activation
of the glutamate-gated chloride channel or some
other mechanism. Such changes are difficult to ascer-
tain in C. elegans given current techniques, but com-
bining behavioral, genetic and electrophysiological
techniques is certainly the approach most likely to
elucidate the cellular and molecular mechanisms
underlying sensory encoding and glutamate receptor
functions in any organism.
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